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PRECAUTIONS IN USING THERMOBALANCES+ 

C .Duval 

NASA TT F-10,281 

":m 

Based on data  obtained i n  the pyrolysis  of numerous in- 

organic and organic substances i n  gravimetric analyses, 

s tud ies  on volumetric standards, and sol id-s ta te  reactions,  

t h e  differences i n  results obtained with various models of 

thermobalances are discussed. Ten main causes of such d i f -  

ferences are given: type of apparatus, thermocouple, nature of 

substance, weight of substance, rate of heating, nature of 

ambient atmosphere, rate of flow of gas i n  t h e  furnace, type 

and form of crucible,  s ens i t i v i ty  of recorder tracings,  and 

type and weight of residue. 

i s  discussed and optimum charac te r i s t ics  of t h e  apparatus 

are described, giving preference t o  a balance with b i f i l a r  

suspension. 

Standardization of these f ac to r s  

Themogravimetry i s  now 60 years o ld .  I n  1903, Nernst i n  collaboration 

with mesenfe ld  (Bibl.1) combined an  e l e c t r i c  furnace with t h e  microbalance 

bearing h i s  name and thus created t h e  means f o r  determining t h e  mass of a given 

body during heating. Later, B r i l l  (Bibl.2) p lo t ted  t h e  first thermolysis curve 

f o r  calcium carbonate, barium carbonate, and magnesium carbonate heated i n  a 

continuous process t o  12OO0C. S t i l l  later, i n  1915, Honda (Bibl.3) suggested 

3: Dedicated t o  Prof .  Denys Monnier on his Six t i e th  Anniversary; Laboratory for 
Microanalybical Research, 11 Rue Pierre Curie, Paris. 
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t h e  term %hernobalance" and a more recent book (Bibl.4) published i n  January 

1961 lists more than 2400 papers on this p a r t i c u l a r  question. 

more such papers have been published. 

Since then, 560 

A t  present (end of 1963), a t o t a l  of 53 prototypes of thermobalances exist, 

of which 12 are ac tua l ly  on t h e  market. 

l a rge  groups: n u l l  balances, deflected-beam balances, and to r s ion  balances; some 

These can be subdivided i n t o  th ree  

rn?,,,, llluIIual, others  are automatic, mechanical, o r  electroni c; a cer ta in  type 

produces a continuous recording of the  weight l o s s  as a function of temperature 

o r  t i m e ,  w h i l e  o thers  use time o r  temperature derivatives and s t i l l  o thers  com- 

bine the  curve of thermal weight with t h e  curve of d i f f e r e n t i a l  thermal analysis.  

I n  some models, t he  thermolysis process takes  place i n  air at  atmospheric pres- 

sure  w h i l e  i n  other  models t h e  same process takes  place at  20 a t m  o r  else under 

lom5 m Hg or  i n  a gas o ther  than air; t h e  rate of heating o r  cooling i s  almost 

always l i n e a r  and va r i e s  between 0.5°/min and 600°/hr; it i s  a l so  possible  t o  

p l o t  isotherm charts ,  operate with a glove box i n  the  presence of radioactive 

products, e tc .  

Therefore, it would seem log ica l  t o  compare t h e  advantages and disadvan- 

tages  of various thermobalances, t h e i r  performance, t h e i r  error LkrLts, etc.  

However, we are not yet t h a t  far. Certain apparatus have been placed on t h e  

market t o o  recent ly  and t h e i r  f e w  users, at present,  are content t o  merely ac- 

cumulate t h e  recordings. 

purposes. 

No pr ice  lists o r  catalogs are avai lable  f o r  comparison 

The Chevenard thermobalances, which were the  first on t h e  market and at- 

t r a c t e d  t h e  a t t en t ion  of several hundred buyers and a short  t i m e  later had pro- 

duced numerous good or  bad recordings, na tura l ly  are t h e  type f o r  which t h e  

l a r g e s t  number of c r i t i c a l  data  exis t .  
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However, u n t i l  now we have been unable t o  obtain exact ly  t h e  same data  with 

four d i f f e ren t  commercial thermobalances, i n  s tud ies  on one and t h e  same prepa- 

r a t ion  of one and t h e  same substance, heated a t  equal weight and at  t h e  same 

rate of heating; consequently, one can de f in i t e ly  state t h a t  thermogravimetry /302 

i s  s t i l l  i n  i t s  infancy and t h a t  it j u s t  about i s  cu t t ing  i t s  first tee th .  The 

temperatures a t  which a given body decomposes o r  seems t o  decompose do not COE- 

stitube a fixed point  as i s  t h e  ca3e f o r  t h e  melting point, of a siihstance. Ten 

parameters (or even possibly 12) seem absolutely necessary t o  consider here. 

We w i l l  make an attempt t o  do so, basing t h e  s tud ies  on c r i t i c a l  data  communi- 

cated p r iva t e ly  t o  t h e  author. 

Let us first r e c a l l  t h a t  t h e  i n i t i a l  work was performed with t h e  purpose 

of a chemical analysis  on inorganic chemicalprecipi ta tes ,  t o  be subjected t o  

gravimetry. Most of t h e  results have been published s ince 1947 i n  Analytica 

Chimica Acta. The experiments always were made on 200 - 300 mg of moist pre- 

c i p i t a t e ,  heated at  maximum rate so as t o  approach as closely as possible the  

real operating mode of gravimetry, using a l d n i t e  crucibles.  Thus it i s  im- 

possible ,  as some authors have done, t o  compare t h e  dissociat ion of a cubed 

c a l c i t e  crystal  h i t h  t h a t  of calciun; car5cnate obtaimd t r a n s i t o r i l y  by the 

d i s soc ia t ion  of oxalate.  

t h e  thermolysis of lanthanum oxalate, heated i n  vacuum o r  a t  atmospheric pres- 

sure;  t h i s  would mean disregarding the l a w  of mass action. 

t o  compare comparable i t e m s .  

them indiv idua l ly  and, if necessary, ind ica te  measures t o  remedy the  defects .  

It W i l l  be demonstrated t h a t  some of t he  c r i t i c a l  remarks are unjust i f ied.  

Similarly, it i s  d i f f i c u l t  t o  f ind  an analogy between 

It is  possible  only 

W e  W i l l  review t h e  main fac tors  by discussing 
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agate, steel, e tc . ) ;  t h e  only balances making use of a b i f i l a r  suspension are 

t h e  Chevenard thermobalances. These l a t t e r  are able  t o  furnish the  same curve 

after being i n  use f o r  25 years, even if t h e  wires had been broken o r  replaced 

i n  the  meantime. 

i t s  support; t h e  edge softens o r  becomes rounded, which may have ser ious conse- 

quences f o r  recordings l a s t i n g  f o r  several days, especial ly  i n  a factory where 

ce r t a in  vibrations are present.  

i n g  of t h e  pan, t h e  knife  edge w i l l  r e ta in  i t s  posi t ion.  

However, t h e  author r e c a l l s  t h a t  i n  1936 a t  Imphy, ce r t a in  control  recordings 

were made f o r  periods of more than 4.0 days. 

A prismatic kn i fe  edge i s  used up and, i n  turn,  wears out  

One can never be ce r t a in  wilcther, during load- 

Only t h e  w i l l  t e l l .  

Other f ac to r s  having t o  do with the  design include: pos i t ion  of t h e  in- 

verted o r  uninverted furnace, locat ion above o r  below t h e  balance, pos i t ion  of 

t h e  thermocouple, veloci ty  of t h e  air current, mode of recording, vibrat ion 

dampers if they are used, a l l  of which comprise f ac to r s  t o  be discussed below. 

We bel ieve t h a t  it i s  extremely d i f f i c u l t  t o  compare balances of two d i f f e ren t  

types, namely deflected-beam types o r  nu l lba l ances ,  which are based on such 

widely d i f fe r ing  pr inc ip les  and which are not subject  t o  f r i c t i o n  under exactly 

t h e  same aspects;  t h e  same d i f f i cu l ty  exists with spring balances which obey a 

d i f f e ren t  l a w  and which, i n  general, do not operate i n  air a t  atmospheric pres- 

sure,  o r  else d i f f e r e n t i a l  balances which more o r  less completely suppress the  

influence of convection currents.  

I n  general, a thermobalance i s  cal ibrated a t  low temperatures by placing 

it on a board or on a small platform attached t o  t h e  crucible  c a r r i e r  of de f in i t e  

weight; this produces e i t h e r  a more o r  less deep break i n  t h e  curve o r  t h e  pas- 

sage of a ce r t a in  number of divisions through t h e  f i e l d  of view, o r  else the  

c rea t ion  of an induced current .  It seems extremely d i f f i c u l t  t o  compare these 
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results. 

loads. 

Newkirk (Bibl.5), shows t h a t  t h e  displacement along t h e  four  plateaus remains 

r e l a t ive ly  constant i n  Chevenard thermobalances With pen recording a t  a veloci ty  

of 300°/hr, i f  an overload ,of 20 mg i s  added. 

The ca l ib ra t ion  i s  not t h e  same f o r  a l l  temperatures and f o r  a l l  /303 

The curve i n  Fig.1, re fe r r ing  t o  300 mg calcium oxalate and p lo t t ed  by 

It i s  believed t h a t  this remains 

Fig.1 Effect  of an Overload of 20 mg along t h e  Plateaus 
of t h e  Curve f o r  Calcium Oxalate Pyrolysis.  

va l id  - other  conditions being equal - so long as one does not exceed half  of 

t h e  permitted load, i.e., 5 gm f o r  the crucible  and i t s  content. If t h e  t i m e -  

temperature curve i s  not a s t r a igh t  l i n e  (and this depends on t h e  program de- 

vices  of t he  apparatus) within the  range of 0 - 1,2X0, it is suggested - as h i e  

by various authors (Papailhau, Erdey, and others)  - t o  record the  heating curve 

on t h e  same paper s t r i p  as the  thermolysis curves. 

system, a clock mechanism regulates  this program. 

high regular i ty .  

by a synchronous motor, of which it i s  assumed tha t  it W i l l  always be synchron- 

ous which, however, was not t h e  case i n  France during World War 11. 

I n  t h e  Chevenard-Joumier 

This natural ly  r e s u l t s  i n  a 

I n  most of t h e  other devices, t h e  p a r t  i n  question i s  driven 



posi t ion,  and corrections.  

t h e  platinum-platinum 10 o r  20% rhodiun system and nickel-chromium couples. 

s e l ec t ion  depends on the  cost  p r i ce  of t h e  apparatus and on t h e  heating range. 

I n  t h e  former case, t h e  ca l ib ra t ion  curve i s  an open parabola up t o  200°C and 

then changes t o  a s t r a igh t  l i n e .  I n  cer ta in  themobalances, t h e  ca l ibra t ion  i s  

done by t h e  manufacturer, but i n  most cases t h e  operator himself uses t h e  boil- 

ing  poin t  of water e r  miline, t,he melt.ing poin ts  of t i n  o r  lead, t h e  boi l ing 

poin t  of sulfur ,  t h e  melting point of ant imoq,  sodium chloride, s i lver ,  o r  

gold. The cold junction is  not always placed i n  melting i c e  but of ten i n  a 

metal block which follows t h e  temperature f luc tua t ions  of t h e  pa r t .  

platinum, this "cold" junction i s  frequently placed quite close t o  t h e  furnace 

so t h a t  i t s  cha rac t e r i s t i c  temperature must be checked and noted during t h e  

heating process i n  order t o  correct  t h e  f i gu res  read from t h e  ca l ibra t ion  curve, 

toward e i t h e r  side.  

becomes en t i r e ly  i l l u s o r y  i f  the  ca l ibra t ion  had been made at  1yC w h i l e  t he  /304- 
temperature of t h e  thermocouple rises t o  30°C. 

with t h e  hot junction placed i n  a protect ing s i l i c a  tube which l a t t e r  i s  halfway 

submerged i n  t h e  c a E b r a t i o n  substance xithellf touching t h e  walls. 

of gold, some metal can be saved by recording the  breakdown temperature of a 

Wire surrounding t h e  tube and traversed by an e l e c t r i c  current w h i l e  s t i l l  in 

t h e  furnace. I n  t h e  course of t i m e ,  the  chemical, mechanical, and e l e c t r i c a l  

p rope r t i e s  of t h e  junction and of the  wires w i l l  change. 

quired from time t o  t i m e  - f o r  example, every year - i n  t h e  case of da i ly  

measurements. 

determined i n  a themobalance but t ha t  of an a i r  layer  surrounding t h e  crucible.  

O f  course, this i s  of no importance i n  t h e  case of automatic dosing of t h e  

Unt i l  now, users  of thermobalances have preferred 

The 

To save 

Such a correction i s  useful  only f o r  a f e w  degrees and 

The ca l ib ra t ion  must be made 

In  t h e  case 

A ca l ibra t ion  is  re- 

In  general, it i s  not t h e  temperature of t h e  substance which i s  
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substances as done by t h e  author. 

contact with t h e  crucible, as i s  the  case i n  t h e  "derivatograph". I n  deflected- 

beam balances, i t  i s  d i f f i c u l t  t o  bury t h e  hot junction i n  t h e  product contained 

i n  the  crucible.  This i s  en t i r e ly  possible  i n  n u l l  balances, but  these have t h e  

drawback of a possible  a l t e r a t i o n  of the  platinum by l ibera ted  products (hydro- 

f l u o r i c  acid,  arsenic,  e tc . )  o r  by melts (potassium nitrate, chlorates,  etc.) .  

In some models, the  hot junction comes i n t o  

Tt. should a lso Fe ment.ioned khat,  i f  one wishes t o  place a programed furnace 

i n t o  a thermostat which previously had been exposed t o  continuous heating, it 

i s  suggested - because of t h e  c a l o r i f i c  i n e r t i a  of t h e  furnace - t o  stop t h e  

temperature r ise t o  a f e w  t ens  of degrees below t h e  temperature one wishes t o  

maintain . 
3 .  M e  of Substance 

In our own publications since 194.7 we have given general  r u l e s  on the  

operating mode o r  at  least on t h e  pr inc ip le  of t h e  method f o r  obtaining heated 

p rec ip i t a t e s .  Even i f  a given substance was obtainable commercially i n  a f u l l y  

prepared form, such as barium sulfate, we always prepared it ourselves and 

washed it ir: accordaxe  vi th t h e  p r h c i p l e s  of ar-!!k~..Fcal chemLst.ry. 

of t h e  minerals should be given each t i m e  because of var iable  impurities they 

might contain. 

product s tored f o r  years i n  t h e  cabinets of a mineral co i iec t ion  and t h e  same 

type mineral  f resh ly  extracted f romthe  mine. I n  f ac t ,  such minerals i n  t i m e  

w i l l  harden, lose  moisture, l i be ra t e  su l fu r i c  gases, arsenic  anhydride, e tc .  a t  

room temperature. 

because of t h e  change i n  rate of heating, t h e  i n i t i a l  decomposition temperature 

W i l l  general ly  rise. This i s  especially pronounced when t h e  thermolysis curves 

The origin 

In  general, it i s  impossible t o  obtain t h e  same curve f o r  a 

The thermal conductivity of t h e  mineral w i l l  change and, 
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of a given mineral and of t h e  synthetic product, f o r  example of bruc i te  and 

magnesia Mg(OH)2, are p lo t t ed  on t h e  same diagram. 

y i e ld  no-superposable curves; this i s  spec i f i ca l ly  encountered with ca l c i t e ,  

aragonite, and vaterite. The curves will a l s o  differ depending on whether a 

p rec ip i t a t e  has matured, has been f i l t e r e d  after one hour, after 2!+ hours, o r  

after one week. 

lj; explained. 

as obtained i n  rout ine analyses, w i l l  not give t h e  same curve as a p rec ip i t a t e  

more o r  less p a r t i a l l y  dr ied i n  air. I n  t h e  former case, it i s  possible  t o  

record t h e  in i t ia l  temperature of t h e  dry-body plateau, which cons t i tu tes  a 

p r a c t i c a l  problem; however, even here differences occur with d i f fe ren t  precipi-  

t a n t s  (which has an influence on t h e  grain s i z e  and on t h e i r  solvent re tent ion) .  

The phenomenon i s  quite obvious i n  the various var ian ts  of alumina, zirconia,  /305 

and beryllium hydroxide. 

The a l lo t rop ic  var ian ts  will 

T h i s  i s  especial ly  d i s t inc t  i n  co l lo ida l  products and i s  readi- 

Sh~LLzrl;., 3 precipitate moistened by t ,he washing fluids,  such 

If t h e  p rec ip i t a t e  i s  l a rge  i n  volume, due t o  t h e  amount of re ta ined water, 

i t  i s  suggested t o  use low heating r a t e s  as indicated by Newkirk (Bibl.5). 

i n  t r e a t i n g  t h e  zinc and sa l i cy la ldoxhe  complex a t  a rate of 380°/hr, i t  is  h- 

poss ib le  t o  f ind  a p la teau  f o r  t h e  complex. 

y i e l d  a plateau ranging from 2 9  t o  289C, i n  accordance with Rpas i a J i cz  and 

Flagg (Bibl.6). 

190°C, i n  accordance with a heating rate of 3 O O 0 / h r .  

which later had been moistened t o  63% furnishes  a p la teau  between 24.9 and 3 1 5 O C .  

The amount of water retained by t he  p r e c i p i t a t e  has an influence on t h e  

Thus, 

'idhen dry, t h e  s%ie product -111 

A p a r t i a l l y  hydrated product (50%) shows a plateau of 135' t o  

An i n i t i a l l y  dry specimen 

conductivity of t h e  material, and the  Liberated vapor considerably changes t h e  

furnace atmosphere; i n  addition, it i s  generally known t h a t  any vaporization 

has a cooling e f f ec t .  
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Numerous researchers have investigated t h e  grain s i z e  of t he  substance i n  

question, i n  s tudies  i n  which t h e  f a t e  of dry substances r a the r  than the  prob- 

lems of analysis  were of i n t e r e s t .  

made comparative heatings with su l f id ic  ores  and metal l ic  sulfarsenides,  whose 

grains  were passed through screens of predetermined mesh. 

search by t h e  above author m s  controlled by t h e  operation of p y r i t e  furnaces. 

The finer t h e  grain t h e  lower w-i 11 be the  in i t ia l  decomposition temperature. 

The first of these authors [Sa i to  (Bibl.7)] 

Naturally, t he  re- 

Vallet (Bibl.8) a l s o  studied t h e  influence of t h e  gra in  s ize ,  spec i f ica l ly  

of copper sulfate; i n  a paper wr i t ten  on my suggestion, Richer and Vallet 

(Bibl.9) compared t h e  decomposition threshold of pure dry R.P. (783') calcium 

carbonate i n  nitrogen at a rate of 150°/hr with t h e  threshold of powdered 

c a l c i t e  (802'C) and of c a l c i t e  i n  t h e  form of a cube weighing 352 mg (891'C). 

The latter c r y s t a l  r e t a ins  i t s  form but becomes somewhat smaller i n  s i z e  since 

t h e  process takes  place i n  air. 

s t i l l  moist calcium carbonate, which goes t o  t h e i r  d i sc red i t  s ince it i s  quite 

seldom t h a t  an analyst  will be ab le  t o  weigh a calcium carbonate p rec ip i t a t e  

i n  t h e  form of a harmonious cube, i n  a nitrogen atmosphere. 

The authors gave no data  on a prec ip i ta ted  and 

4. Weight of t h e  Substance 

The weight of t h e  substance (and thus i t s  volume) has a considerable in- 

f luence on t h e  in i t ia l  decomposition temperatures. I n  addition, if ciielztes 

formed from a metal and a d i f f i c u l t l y  combustible organic product are involved, 

t h e  r e s idua l  tar w i l l  disappear more rapidly t h e  lower i t s  weight, and the  oxide 

p l a t eau  ( o r  t h a t  of t h e  f i n a l  carbonate) W i l l  s tart  a t  widely varying tempera 

tures; this e f f ec t  i s  espec ia l ly  pronounced with quinoline der ivat ives .  

this reason, we allowed f o r  a wide safety margin by heating t h e  ana ly t i ca l  

For 
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prec ip i t a t e s  a t  a rapid rate and by using weights between 100 and 300 mg. 

was never f u l l y  understood by other  authors, spec i f i ca l ly  by Wendlandt. 

heat of reaction, no matter whether it i s  pos i t i ve  o r  negative, W i l l  always 

change t h e  difference between t h e  temperature of t h e  specimen and t h a t  of t h e  

furnace. 

This 

The 

Newkirk (Bibl.5) mentioned t h a t  the method of d i f f e r e n t i a l  thermal analysis  

is ,applicable h e r e  s i n r e  t h i s  d i f f e r e n c e  exists; it i s  quite s igni f icant  t ha t ,  

i n  this technique, high heating rates are used ( f o r  example, 600°/hr) t o  empha- 

s i z e  t h e  d i f f e r e n t i a l  temperature. 

Since, at  this rate of heating, such a d i f f e r e n t i a l  temperature may w e l l  

extend t o  above 10°C, t h e  k i n e t i c  constants calculated from t h e  thermograms /306 
I' 
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F'ig.2 Deviation i n  Temperature due t o  t h e  Sample; 
Decomposition of Calcium Oxalate Monohydrate. 

+ 0.2 gm oxalate;  C = crucible + 0.6 gm oxalate. 
Rate of heating: 6OO0/hr .  A = empty crucible;  B = crucible  + 

must be erroneous if t h e  react ion i s  endothermal; however, i f  t h e  react ion i s  

exothermal, t h e  e f f e c t s  have a mutually compensating tendency. I n  f ac t ,  t h e  

inf luence of t h e  heat of react ion may be extremely great ,  as shown by the  

----1- - P  *L- n - ~ ~ - + < n -  n~ + , rnno+an p a r h i d e  i n  a i r  [Newkirk (Bibl.lO)]. CAa.lllpIG VL UIICZ V N L L ~ U l V I I  "I "-l(jYvI-- ------- The 
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thermograms show t h a t  t h e  same react ion ve loc i ty  was obtained with t h e  thermo- 

balance furnace kept constant a t  a temperature of 52yC o r  heated uniformly i n  a 

continuous manner. The e f f ec t  i s  shown d i s t i n c t l y  i n  Fig.2, provided t h a t  t h e  

d i f f e r e n t i a l  temperature between t h e  thermocouple t and t h a t  of t h e  crucible  t' 

had been measured d i r e c t l y  f o r  t h e  decomposition of calcium oxalate  monohydrate 

a t  t h e  high heating rate of 600°/hr f o r  two specimens of d i f f e ren t  s ize .  

curve A f o r  t h e  crucible alone shows a de!viat.ion of 10' t o  111' i n  t,he interval 

from 100' t o  1000°C. 

water manifests i t se l f  i n  a deviation of 25 t o  200'; t h e  exothermal loss of carbon 

monoxide comes close t o  t h e  difference observed with t h e  crucible  alone, bu t  

t h e  devia t ion  increases  f u r t h e r  during t h e  endothermal loss  of carbon dioxide. 

With a sample of 0.6 gm, these  e f f e c t s  a r e  cumulative and, a t  a s ingle  poin t ,  

t h e  temperature of t h e  sample and t h a t  of t h e  furnace w i l l  be almost t he  same. 

The 

When using a sample of 0.2 gm, t h e  endothermal l o s s  of 

5. Rate of Heating I 

Most of t h e  present-day thermobalances are equipped with devices permitt ing 

a l i n e a r  heating at  rates ranging from 0.6' t o  1 O o / m h .  

above that  such a high heating rate v i l l  lead t o  freqxentl.7 J considerable varia- 

t i o n s  i n  f i n a l  and in i t ia l  temperature of t h e  plateaus;  i n  addi t ion,  some of 

these  may even disappear e n t i r e l y  o r  manifest themselves only i n  a d iscont inui ty  

or i n f l e c t i o n  point .  

water of c rys t a l l i za t ion ,  such as t h e  s u l f a t e s  of t h e  magnesium series. If one 

wishes t o  obta in  one of t hese  hydrates, t h e  heating should be done as slowly as 

p o s s i b l e  o r  t h e  furnace should be placed i n t o  the  thermostat on reaching t h e  

expected p l a t  eau . 

It has been mentioned 

The case i s  especial ly  c l e a r  i n  substances r i c h  i n  /307 

Thus, Fruchart and Michel (Bibl . l l ) ,  i n  heating n icke l  sulfate  heptahydrate 
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a t  a rate of 0.6"/min were able  t o  demonstrate hexahydrate, te t rahydrate ,  di- 

hydrate, and monohydrate e 

found t h e  monohydrate plateau. 

t he  c l a s s i c a l  calcium oxalate monohydrate curve when passing from 300" t o  

150°/hr ( s h i f t i n g  of t he  plateaus toward low temperatures) . 
influence of t h e  heating rate on the  decomposition of a polystyrene sample, kept 

Iii jilbti-ogen, with t h e  remaining f r a d . i n n  p lo t ted  as ordinates.  

(Bibl.13) observed a similar e f f ec t  during t h e  dehydration of mica. For samples 

heated between 12" and 30°/hr, t he  threshold temperatures fora given weight range 

from 735' t o  815'C, i.e., a difference of 80". 

A t  2.5'/min, Demassieux and Malard (Bibl.12) only 

I n  turn, Newkirk (Bibl.5) proved t h e  change i n  

Figure 3 shows the  

Sabat ier  

Fig.3 Pyrolysis of Polystyrene i n  Nitrogen, a t  
Various Heating Rates. 

The e f f ec t  of t he  heating r a t e  i s  especial ly  important i f  the  thermogram 

i s  t o  be used la ter  f o r  k ine t i c  analyses. 

6. Nature of t h e  Ambient Atmosphere 

This question has been studied by numerous authors a f t e r  Sai to  (Bibl.7) 

xhc use4 5zdrege~,  n-qgen; nitrogen, su l fu r  dioxide, e t c .  The heated mater ia l  

1 2  



i s  not i n  equilibrium with the  ambient atmosphere during decomposition but  may 

be quite close t o  this equilibrium during recording of t he  plateaus.  

furnace atmosphere contains a gas l iberated by t h e  substance, a rise i n  i n i t i a l  

and f i n a l  temperature must be expected. 

effect  when heating copper su l f a t e  pentahydrate, while Vallet and Richer (Bibl.9) 

observed it i n  the  d issoc ia t ion  of calcium carbonate i n  carbon dioxide. 

be expected t h a t  var iable  temperatures are encountered here  since, although /30R 

t h e  gases rapidly approach temperature equilibrium, the  gas a r r iv ing  i n  the cold 

state a t  the  bottom o r  roof of the  furnace must necessarily exer t  an influence 

on t h e  gas l ibera ted  by the  substance i n  the  crucible.  

regulates  t he  s t a b i l i t y  of t he  hydrates, Vallet was able  t o  cause the  copper 

s u l f a t e  t r ihydra te  plateau t o  appear o r  disappear at will. 

Carp4ni (Bib1 .a)  a r b i t r a r i l y  prevented dehydration of orthoboric acid, and 

produced o r  prevented t h e  formation of t h e  metaboric acid plateau, e tc .  

If t h e  

Vallet (Bibl.8) observed t h e  same 

It must 

Since t h e  vapor tension 

Haladjian and 

On heating calcium carbonate i n  carbon dioxide and then i n  nitrogen, Richer 

and Vallet (Bibl.9) found t h a t  t he  decomposition threshold i s  well-defined 

(900°C) i n  the  first case and f a i r l y  well-defined (about 500°C) i n  nitrogen. 

T h i s  i s  not t he  same f o r  t h e  temperature a t  which the  deeoqmsit icn termimtes, 

being between 9 a 0  and 1034'C i n  carbon dioxide and between 683" and 8 9 1 ° C  i n  

nitrogen. 

Foi-tiiiiztely, I K ~  an anaiysis i n  which a t h i n  layer  of material (moistened 

at t h e  beginning) i s  heated at atmospheric pressure, t h e  differences a re  not 

quite t h a t  large.  A gas o r  a vapor, l iberated by t h e  substance, may have an 

inf luence  on 

s p e c i f i c a l l y  

e l iminat ion,  

t he  slope of t h e  curve; when heating salts o r  organic chelates,  

carbon monoxide i s  p a r t i a l l y  ab le  t o  reduce t h e  residue. 

t he  a i r  current (or oxygen) usually causes a r ise i n  t h e  curve. 

After i t s  



The reduction i s  espec ia l ly  well-defined i n  t h e  case of Streng uranium salt,  

divalent  copper which passes i n t o  t h e  meta l l ic  state, o r  cuprous oxide. 

We made use of t h e  heating of msum i n  a water vapor atmosphere and of 

deuterogypsum i n  a heavy water atmosphere f o r  preparing both l i g h t  and heavy 

p l a s t e r s  (Bibl.15). 

Making use of t h e  Chevenard themnobalance, Newkirk (Bibl.5) applied a heat- 

lig ratc  of 3OO0/hr f o r  heatsing calcium oxalate p rec ip i t a t ed  a t  t h e  same weight, 

but hermetical* sea l ing  t h e  top of the  furnace and then ven t i l a t ing  through a 

hole of 7 mm diameter. 

on t h e  calcium oxide plateau.  

carbonate heated first i n  a i r  and then i n  carbon diof ide.  

composition threshold i s  8 5 O o C  i n  air but i s  not ye t  reached a t  1O5O0C i n  carbon 

dioxide (250 ml/min). 

widely d i f f e r i n g  curves, a t  least up t o  175’C, depending on t h e  humidity of t h e  

ambient air. I n  a more recent  invest igat ion,  Garn and Kessler (Bibl.l6), oper- 

a t i n g  i n  a self-induced atmosphere, studied t h e  thermal decomposition of cadmium 

carbonate, ammonium carbonate, lead carbonate, manganese carbonate, and dehy- 

drated cobai t  oxalate, =sing q e n  01” closed vessels .  

The two curves coincide, except a t  high temperatures, 

The differences increase when using sodium 

A t  300°/hr, t h e  de- 

Sodium tungstate, a t  28 molecules of water, furnishes  

7. Velocity of t h e  Gas Stream 

T h i s  f a c t o r  i s  of prime importance, w’nich i s  easilj. znderstmd  hen con- 

s ide r ing  t h a t  t h e  nature of t h e  gas surrounding t h e  c ruc ib le  p lays  a s ign i f i can t  

ro l e .  Most thermobalance furnaces are of t h e  open type and thus  contain a 

m.bdure of air, introduced gas, and l ibera ted  gas o r  vapor. 

depending on t h e  ve loc i ty  of t h e  gas stream, t h e  furnace atmosphere will change 

causing a modification i n  t h e  length and pos i t i on  of t h e  plateaus.  

It i s  obvious t h a t ,  

I n  one of 
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Fig.4 Influence of t h e  Volume of D r y  Air on the 

Dehydration of Copper Sul fa te  Pentahydrate. 
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I n  t h e  preceding Section, we referred t o  the  furnace ven t i l a t ion  which i s  

a r e l a t i v e l y  important fac tor .  Actually, i n  themnobalances wi th  furnaces open 

a t  t h e  top, i.e., i n t o  which the  crucible i s  '$lunged", t he  c i rcu la t ion  of t he  

gases takes  place pr imari ly  by convection and the  crucible i s  subject  t o  var iable  

pressures  t h a t  change i t s  real weight and show i n  a r a the r  regular r i s e  i n  the  

curve with increasing temperature. 

t he  C!heven.rc! the.m-cbal3nce; two o r  three holes a r e  made i n  the  cover cap which 

In inverted furnaces, of t he  type used i n  
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can be e i t h e r  open o r  closed; this natural ly  changes t h e  veloci ty  of t he  air 

stream and has an influence on the  more or  less rapid renewal of t h e  atmosphere 

and t h e  more o r  less rapid d iss ipa t ion  of t h e  l i be ra t ed  gases. 

ments from 1936 t o  1946, we always obtained a pe r fec t ly  horizontal  s t r a igh t  l i n e  

( i n  o ther  words, a curve returning t o  i t s  in i t ia l  pos i t ion  after one tu rn  of t h e  

drum) when heating, t o  a temperature o f  1O5O0C, a substance which ns i ther  l o ses  

nor p i n s  weight during t h i s  inter tn1,  z x h  3 s  a geld or p l a t i z m  crucible. Ve 

used this f a c t  and this e n t i r e l y  r e l i ab le  control  t o  develop a method of auto- 

matic gravimetry. We a l so  observed an oxidation previous t o  t h e  explosion of 

t h e  oxidizing materials. 

t h a t  disagree with ours, despi te  t he  f ac t  t h a t  a l l  conditions of heating rate 

w e r e  t h e  same; these authors spec i f ica l ly  noted an increase i n  weight of samples 

f o r  which we obtained a constant value. 

searchers  a t  the  General E lec t r i c  Co . (Schenectady, N.Y. ), Simons, Newkirk, and 

Aliferis (Bibl.17) p lo t t ed  a correction curve af ter  heating objects  of molyb- 

denum, platinum, porcelain,  e tc . ;  they estimated an increase i n  t h e  hot a i r  

(Fig.5) t o  lO3TC may lead t o  a rise of t h e  curve ( s t r a igh t  l i n e  above 200°C) 

correspozdir,g t e  5 rg p e r  200 mg. 

(Bibl.18) obtained a correct ion curve of S-shape (Fig.6), using t h e  same 

thermobalance with a sag between 700" and 800°C; t h e  apparent weight gain was 

again of t h e  order of 5 mg i n  1.5 gm sanples, ~ p 3  t o  a temperature of 1000°C. 

seemed t o  us t h a t  t h e  deviations produced when heating a constant-weight sub- 

s tance were  due t o  t h e  design of t he  metal cap closing t h e  furnace a t  t h e  top. 

T h i s  cap ord inar i ly  i s  provided with a hole f o r  accommodating t h e  s i l i c a  tube 

of t h e  thermocouple and with two vents of 2 mm diameter t h a t  ord inar i ly  are 

blocked. 

I n  our experi- 

Since t h a t  time, various authors have published curves 

Because of this disagreement, re- 

ki sddition, Mlelenz, Scyiel tz ,  and King 

/310 

It 

I n  our  o r ig ina l  thermobalance models, t h e  cap had holes of d i f fe ren t  
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diameters (having been used f o r  preliminary experiments) which could be removed 

at  w i l l .  

of t h e  furnace than  i n  more recent models ( incidental ly ,  t h e  diameter of t h e  

In  addition, these caps f i t t e d  much less t i g h t l y  i n t o  the  upper c o l l a r  

cap changes after repeated heatings over a period of about 10 years). 

I 

c 
I 

Fig.5 General Plot  of Apparent 
Weight as a Function of Tempera- 
ture, according t o  Simons, Newkirk, 

and Aliferis. 

Fig.6 Correction of Pressure f o r  
Heating Cycle of t h e  Thermo- 

balance. 

After t h i s ,  w e  equipped our apparatus with metal caps, having a cen t r a l  

hole and six smaller holes (Fig.7) arranged symmetrically and closeable a t  will. 

0ependh-g on t h e  mxbsr of T e n  holes, it is pnssihle, using the same heated 

body and obeying t h e  same law,  t o  obtain e i t h e r  a r i s i n g  s t r a igh t  l i n e  (case i n  

which a l l  holes are closed o r  opened i n  an asymmetric fashion) o r  else a hori- 

zon ta l  l i n e  ( i n  other  words returning exactly t o  the o r ig in  after one ro t a t ion  

of t h e  drum, no matter what t h e  s t a r t i ng  point  of t he  drum had been) or, f ina l ly ,  

a drooping s t r a igh t  l i n e .  

our own apparatus had been equipped with an adequate cap. 

This means t h a t  i t  has been e n t i r e l y  pure chance t h a t  

We next thought of providing the  cen t r a l  hole with a progressive obturation 

system, similar t o  t h a t  used i n  iris diaphragms of cameras; however, this great- 



l y  complicates t he  affair  and does not always operate properly, spec i f ica l ly  at  

high temperatures. 

with rings of various thicknesses which could be adapted i n  the  fashion of stove 

r ings o r  t h e  r ings of a water bath (Fig.8). 

same upper and lower diameter; before any pyrolysis,  we adjusted t h e  diameter b11 

of t h a t  r ing  which, together with t h e  heated crucible,  y ie lds  a s t r a igh t  l i n e ,  

i.e., a l ine p a ~ d l e l  t o  t h e  tcxpcrattire ax is .  

We found it simpler (Bibl.19) t o  provide t h e  cent ra l  hole 

We selected crucibles  having t h e  

/ O  \ 
I o  \ 

\ - 0  
\ 0 / 

Fig.7 Furnace Cap with SixSymmetric- Fig.8 The Same Cap, with Central 
a l l y  Arranged Holes. Hole. 

Only r e l a t ive ly  f e w  da ta  a re  available on t h e  fate of curves obtained with 

a substance heated at  a pressure below or above atmospheric. 

highly complex and changes fu r the r  depending on whether o r  not t h e  gas o r  l iber -  

cite2 ~ q x r s  are dissfpated. 

t h e  gaseous products, it would be easier t o  keep t h e  pressure constant and t o  

lower t h e  decomposition threshold. 

of convection currents  can be reduced by decreasing t h e  pressure. 

by w r a u d  and Goton (Bibl.20); however, as soon as a pressure of 1 mm Hg was 

reached, a new and j u s t  as important e r r o r  source appeared, produced by co l l i s ion  

The problem i s  

It seems log ica l  t o  assume tha t ,  i n  d i ss ipa t ing  

It could a l s o  be imagined t h a t  t h e  influence 

T h i s w a s  found 



using a balance of his own design. 

Below, we give a f e w  values of the radiometric pressure, expressed i n  mg, 

exerted on t h e  specimen holders of about 12 m diameter, suspended i n  a quartz 

tube of  17 nun ins ide  diameter and heated i n  a v e r t i c a l  Chevenard furnace of 

type CT2, open at  both ends. 

of 0.1 mm Hg and a temperature of 50OoC: 

The following values were recorded a t  a pressure 

Placcmer?t of the ?oat Prp  s si ire 

Upper t h i r d  of furnace +2.2 mg 

Center of furnace -1.1 mg 

Lower t h i r d  of furnace -5.0 mg 

It m s  a lso  found tha t ,  during a continuous temperature rise, with t h e  

boat a t  a constant posi t ion,  t h e  radiometric pressure does not always vary i n  

t h e  same sense; it may re turn  t o  zero and then even change sign. 

A t  8OO0C, with t h e  boat i n  constant pos i t ion  and t h e  heating l a w  being t h e  

same, t h e  radiometric pressure reaches t h e  following values, as a function of 

air pressure:  

Air pressure 5 3 1 1/10 1/1000 mm 

hd iomet r i c  pressure 0.9 9.5 1.0 2.2 3.3 rig 

For objec ts  of more o r  less iden t i ca l  bulk and similar pos i t ion  ins ide  /312 

t h e  furnace, t h e  results vary widely. 

following were noted: 

A t  6OO0C and a pressure of 1/1000 mm, t h e  

Object Used Radiometric Pressure 

Chart2 boat +1.5 mg 

Porcelain capsule +2*9 mg 

Solid quartz bar +1.0 mg 

The phenomenon thus i s  due t o  the asymmetry of t h e  pressure exerted on t h e  



rec ip ien ts  by molecule co l l i s ions  which e i t h e r  may come f r o m t h e  cold port ions 

of t he  enclosure o r  from t h e  hot portions. 

i n  placing t h e  boat i n t o  an intermediary enclosure, rendered quasi-isothermal 

by i t s  reduced form. A small opening i s  l e f t  i n  t h e  upper portion, t o  permit 

passage of t h e  suspension wires. 

sa t i s fac tory ;  this device must be used as soon as the  pressure drops below 

3 m HE. 

A simple remedial solut ion cons is t s  

The eff ic iency of such a device was quite 

8. me and Form of Crucible 

Unt i l  now, crucibles  i n  the  shape of a truncated cone of high o r  low form, 

regular cones, hemispherical capsules, square p la ted  of 1 cm s ide  with raised 

borders, o r  crucibles  with a bottom i n  t h e  form of a bottleneck were used f o r  

accomodating t h e  heated substance. 

gold, silver, tungsten, and nickel  t o  s i l i c a ,  porcelain,  glass,  aluminite, 

thoria ,  zirconia,  and steatite. Although no t r u l y  systematic tests were made 

The crucible  materials ranged from platinum, 

I with a s ingle  variable,  it can be s ta ted  t h a t  a difference exists i n  the  decom- 

pos i t i on  thresholds when using a metal crucible  which i s  a good heat conductor 

o r  a crucible  m d e  of o,xides o r  sil;cat,es. 
I 

0 The clifferences may range from 5 

t o  10". 

The shape i t se l f  plays an important role ,  even a t  atmospheric pressure, i n  

View of t h e  f a c t  t ha t ,  s ince t h e  w a l l s  are heated more intensely than the 

center,  one must allow f o r  t he  charac te r i s t ic  conductivity of t he  substance 

i tself  and t h e  rate of diffusion of the gases leaking through the  grains.  The 

so lu t ion  of using a p l a t e  o r  a t h i n  layer  seems bes t  w h i l e  t h a t  of a high 

cruc ib le  i s  the  poorest  solution. 

and expand excessively, but i n  some cases, t h e i r  use i s  unavoidable. 

Some substances cause project ions o r  swell 

Garn and 
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Kessler (Bibl.16) made a de ta i led  study of these fac tors ,  i n  heating experiments 

with lead carbonate and hydrated cobalt  oxalate. Newkirk and Aliferis (Bibl.21) 

invest igated t h e  behavior of dry sodium carbonate i n  gold, platinum, alumina, 

and porcelain crucibles.  

negligible.  

considerable e f f ec t .  This involves a previously invest igated fac tor ,  namely, 

t h e  veloci ty  of t h e  gas sti-tai. 

rapidly on a gas flame, when contained i n  a pot  with a cover. 

d i ss ipa t ion  of t h e  gases i s  inh ib i ted  so t h a t  t h e  curve plateaus assume an 

elongated form. 

A s  ea r ly  as 1936, we found tha t ,  i n  the  case of ammonium magnesium phosphate, 

no discont inui ty  appears between t h e  separation of water and ammonia i n  an open 

crucible;  when t h e  same crucible  i s  provided with a cover, a small plateau or  

a t  least a break occurs i n  t h e  curve as  soon as no more ammonia i s  l ibera ted  

and as soon as t h e  MgF04H phosphate i s  pure. 

Apparently, t h e  influence of t h e  type of metal i s  

Conversely, placement o r  removal of a cover on t h e  crucibles  has a 

It i s  pnerall,y known t h a t  water w i l l  b o i l  more 

During pyrolysis,  

It i s  even possible  t o  promote t h e  formation of such plateaus.  

Another f ac to r  of some importance i s  the  erosion of t he  crucible,  i.e., /313 

a sol id-s ta te  react ion between t h e  glaze o r  t h e  material of t h e  crucible  i tself  

with t h e  l i be ra t ed  gases. 

weight loss. 

i n  t h e  pyrolysis  of sodium carbonate i n  a quartz crucible,  i n  which erosion 

s t a r t e d  above 5OO0C. 

It i s  ob-i%ous that. this w i l l  lead t o  a p a r a s i t e  

An excel lent  example was given by Newkirk and Aliferis (Bibl.21) 

It should be mentioned tha t ,  when heating molybdic anhydride i n  a porcelain 

crucible ,  the bottom of t h e  crucible will t u r n  bluish-green but without a change 

i n  weight or, more accurately, without weight var ia t ions  exceeding 0.1mg p e r  

4- gm. 
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9 .  Shamness of t he  Tracing 

By photographic recording on coated paper, t rac ings  (although only f a i n t l y  

v is ib le )  of 0.1 mm thickness are obtained; using a s ty lus  with t r i angu la r  

platinum t i p ,  a r e l a t ive ly  nonabsorbent paper, and glycerol  i n k ,  it i s  d i f f i -  

cu l t  t o  go below thicknesses of 0.5 m. It i s  obvious t h a t  this thickness i s  

of great, importance f o r  computations i n  t h e  case of minor weight f luctuat ions.  

I n  ce r t a in  apparatus, Chevenard was able t o  p l o t  t h e  curve by means of a se r i e s  

of c losely adjacent points,  produced by a needle t h a t  per iodica l ly  contacted 

t h e  paper. 

a l l  t h e  others.  Primarily, t h e  f ac to r  has an influence on the  s e n s i t i v i t y  

similar t o  t h e  e f f ec t  of t h e  clock movement, t h e  meshing of t h e  gears, t h e  

i n e r t i a  of photoelectr ic  ce l l s ,  and t h e  unforeseen var ia t ions i n  e l e c t r i c  cur- 

ren t  s t rength  . 

However, we believe t h a t  this fac to r  i s  not quite as important as 

10. Typ e and Weight of t h e  Residue 

Generally, it i s  this f i n a l  plateau t h a t  i s  used f o r  calculat ing t h e  

liicjlec-dm m i g h t s ,  SO as t o  determine, from t h e  ordinates of t h e  o ther  plateaus,  

t h e  nature  of t h e  in i t ia l  substance and of t he  intermediate products. T h i s  

presupposes t h a t  t h e  f ina l  product has a known composition and t h a t  it does 

not absorb water during tile c 0 0 2 h g  process, before having been weighed on an 

a n a l y t i c a l  balance f o r  control.  However, numerous metal oxides become carbo- 

nated at  t h e  end of t h e  process and nevertheless y i e ld  a f a i r l y  horizontal  

p la teau .  

i n s i d e  crucible  walls. 

ca lcu la t ions  do not y ie ld  a log ica l  solution. 

We a l so  mentioned a possible combination with t h e  substance of t h e  

Spot analyses on the  residue are thus necessary i f  t h e  

It would be useful  t o  terminate 
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t h i s  pa r t i cu la r  paper with a calculat ion f o r  t h e  e r r o r  occurring i n  thenno- 

balances. 

Unti l  now, we only have the  p a r t i a l  r e su l t s  on t h e  Chevenard thermobalance a t  

our disposi t ion;  i n  addition, t h e  t e n  prime f ac to r s  enumerated above have not 

a l l  been taken i n t o  consideration. However, we wish t o  refer t o  t h e  extremely 

useful exploratory experiments by Simons, Newkirk, and Aliferis (Bibl.17) with 

a pen recorder, and the  experiments by Cla.isst:, &st, and Abcsque (Rih1.22) as 

w e l l  as by Mielenz, Schiel tz ,  and King (Bibl.18) with a photographic-recording 

thermobalance. 

Unfortunately, we did not have t h e  necessary materials avai lable .  

11. Summary 

Based on 25 years of experience i n  the  pyrolysis  of several  thousands of 

inorganic and organic substances, spec i f ica l ly  f o r  gravimetric analyses, 

s tud ies  of volumetric standards, and invest igat ions on sol id-s ta te  reactions,  

t h e  author uses his own personal experience i n  an attempt t o  explain the  

discrepancies reported by users of various models of thermobalances. 

discrepancies are t raced t o  t e n  pr inc ipa l  causes: brand of apparatus, type of 

thermocouple, nature of t h e  substance involved, weignt of Lids substance, m t e  

of heating, nature of t h e  atmosphere surrounding t h e  crucible, rate of flow of 

t h e  gas i n  t h e  furnace, type and form of t h e  crucible,  f ineness of t h e  recorder 

t race ,  and nature and weight of t h e  residue. 
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